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Abstract

:

Currently, the development of stable and antithrombogenic coatings for cardiovascular implants is socially important. This is especially important for coatings exposed to high shear stress from flowing blood, such as those on ventricular assist devices. A method of layer-by-layer formation of nanocomposite coatings based on multi-walled carbon nanotubes (MWCNT) in a collagen matrix is proposed. A reversible microfluidic device with a wide range of flow shear stresses has been developed for hemodynamic experiments. The dependence of the resistance on the presence of a cross-linking agent for collagen chains in the composition of the coating was demonstrated. Optical profilometry determined that collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde coatings obtained sufficiently high resistance to high shear stress flow. However, the collagen/c-MWCNT/glutaraldehyde coating was almost twice as resistant to a phosphate-buffered solution flow. A reversible microfluidic device made it possible to assess the level of thrombogenicity of the coatings by the level of blood albumin protein adhesion to the coatings. Raman spectroscopy demonstrated that the adhesion of albumin to collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde coatings is 1.7 and 1.4 times lower than the adhesion of protein to a titanium surface, widely used for ventricular assist devices. Scanning electron microscopy and energy dispersive spectroscopy determined that blood protein was least detected on the collagen/c-MWCNT coating, which contained no cross-linking agent, including in comparison with the titanium surface. Thus, a reversible microfluidic device is suitable for preliminary testing of the resistance and thrombogenicity of various coatings and membranes, and nanocomposite coatings based on collagen and c-MWCNT are suitable candidates for the development of cardiovascular devices.
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1. Introduction


According to the World Health Organization, approximately 17.9 million people around the world die from cardiovascular disease every year [1]. One of the most critical pathologies in this disease spectrum is heart failure. Heart failure is characterized by impaired myocardial function and the consequent inability of the heart to provide an adequate blood supply to the body due to the impaired pumping function of the heart [2]. Currently, the main methods of treatment of terminal heart failure are transplantation of a donor heart and implantation of a device that partially or completely replaces its function [3]. As there is an acute shortage of donor hearts in the world, a lot of attention is being paid to the second alternative, namely the creation of ventricular assist devices (VAD). One of these systems, the Sputnik-VAD, has been developed at the National Research University of Electronic Technology [4]. This device has been successfully used in medical practice and implanted in more than 50 patients. However, despite the increased survival rate and improved quality of life for patients, VAD implantation is associated with complications such as thrombosis and high hemolysis rates in some cases. To prevent thrombosis, the patients are usually given the common anticoagulant heparin. The anti-coagulation factor of heparin is determined by the presence of a pentasaccharide sequence (bioactive center) in the molecular structure [5]. This sequence neutralizes the effect of thrombin by binding it to antithrombin. However, the systematic treatment with anticoagulants is associated with the risk of thrombocytopenia and is generally ineffective if the patient has a congenital deficiency of antithrombin in the blood [6]. The World Health Organization reports that there is one person in every 5000 with an inherited deficiency of this protein.



One of the possible solutions to the described problems is to increase the hemocompatibility of the implanted device in contact with the blood. For this purpose, coatings capable of inhibiting thrombosis and consequently reducing the level of blood hemolysis can be used [7,8]. Coatings can also have an antibacterial effect to minimize the progression of infectious complications [9,10]. Coating methods include thermal spraying [11], magnetron sputtering [12], sol-gel method [13] and pulsed laser deposition [14]. Every one of these technologies has advantages and disadvantages [15]. Thermal spraying can achieve thicknesses from 30 to 200 μm at high speed and low cost. However, the disadvantage of this technology is the high temperatures, which can lead to decomposition of the coating or substrate. The magnetron sputtering method produces uniform coatings from 0.5 to 3 microns with a high degree of adhesion [16]. This technology is difficult to implement for coating parts with complex geometry, therefore it is characterized by a rather high cost. The sol-gel method can achieve layer thicknesses of <1 µm with a high degree of adhesion, but the process requires a careful approach to pressure and temperature control, and the use of expensive precursors [17,18]. Using the pulsed laser deposition method, it is possible to obtain a dense and porous coating with crystalline and amorphous phases of thickness from 0.05 to 5 µm [19].



More recently, carbon nanomaterials have been used in biomedical materials and membrane materials [20,21]. One of the most widespread carbon nanomaterials are carbon nanotubes (CNT). They have been widely and successfully used to create biocompatible functional coatings and three-dimensional implants with controllable surfaces and internal structures as well as mechanical, electrophysical and optical properties [22,23]. This is achieved by their small size, large specific surface area, and high stability CNT [24]. For homogeneous distribution in liquid solvents and solid matrices, CNT can be functionalized with specific chemical groups [25]. Depending on the medical application, different types of functional groups for nanotubes can be used [26]. Carboxyl, hydroxyl, and carbonyl groups result in water solubility and a good level of biocompatibility of nanotube-based materials [27]. To create biocompatible nanocomposites, CNT are functionalized with biopolymers, such as proteins [28]. Additionally, the enveloping of nanotubes in the polymer matrix allows us to reduce the effect of thrombogenicity [29]. The addition of CNT improves the hematological properties of materials for cardiovascular engineering [30,31]. Considering these facts, CNT are used as fillers in the collagen biopolymer matrix and membranes to create coatings providing a low level of blood hemolysis [32].



Collagen biopolymers have demonstrated great potential for use in various biomedical applications due to their high biocompatibility and low immunogenicity [33]. Collagen is actively used in cardiovascular regenerative medicine because it can be modified with drug molecules to achieve a gene therapy effect [34]. A complex of collagen and carbon nanotubes is used to form tissue-engineered materials to create cardiac patches for the myocardium [35]. Collagen-based coatings exhibit high hemocompatibility and anticoagulant effects with a low biodegradation rate (high stability) [36].



A variety of laboratory methods, usually performed under static or low shear conditions, are used as tools to evaluate the hemocompatibility of coatings [37]. This approach cannot provide reliable results because the mechanical effect of blood flow significantly affects the stability of the coating and the degree of thrombosis. This problem can be investigated and solved using a microfluidic device. By pumping a fluid through a microchannel of specified dimensions at different flow velocities, the proposed coatings can be studied in interaction with the flow. Such systems are used to create artificial vascular systems that mimic the geometry of natural vessels [38,39].



Therefore, the present work (i) proposed the method of forming nanocomposite coatings based on collagen and multi-walled carbon nanotubes that provide reduced thrombogenicity, (ii) proposed a microfluidic device to evaluate the effect of fluid flow on the developed coatings, and (iii) obtained the results of experimental studies on the resistance and anticoagulant properties of the coatings at high shear flow stresses.




2. Materials and Methods


2.1. Materials


The coating dispersion was prepared based on the bovine collagen type II (MacMedi LLC, Russia) and carbon nanotubes (Taunit, Tambov, Russia). The nanotubes were functionalized with carboxyl groups (COOH). The average diameter of the carboxylated multi-walled carbon nanotubes (c-MWCNT) was 10–30 nm, length ~1.8–22 μm, and the specific surface area was 270 m2/g. The degree of purity of c-MWCNT was 98%. Glutaric aldehyde (Sigma Aldrich, Missouri, MO, USA) was used to crosslink the polymer chains of the finished coatings. Phosphate-buffered solution (Sigma Aldrich, Missouri, MO, USA) and bovine serum albumin (BSA) solution (Biocloth BmbH, Munich, Germany) were used as a pumped liquid for experiments on the stability and anticoagulability of the coatings, respectively.




2.2. Preparation of Dispersions and Coatings


To form the coating, it was first necessary to prepare an aqueous dispersion of collagen and c-MWCNT. The dispersion was prepared in several steps. First, an aqueous suspension of collagen was prepared at a concentration of 1 wt.% in a weak solution of acetic acid (6%). Homogeneity of the solution was achieved by successive use of an ultrasonic bath (40 W) and a magnetic stirrer for 2 and 1 h, respectively. In the second step, an aqueous dispersion of c-MWCNT with a concentration of 0.01 wt.% was prepared. A submersible ultrasonic disperser (Qsonica Sonicators, Connecticut, CT, USA) was used for 40 min (20 W) to obtain a homogeneous dispersion of nanotubes. The collagen suspension was mixed with the c-MWCNT dispersion and subjected to a magnetic stirrer and an ultrasonic bath for 3 and 2 h, respectively. The result was the dispersion for the formation of the nanocomposite coating.



Next, 4 × 1.5 cm slide glass fragments were used as substrates for the nanocomposite coating. A 200 nm thick titanium layer was deposited on the glass substrates by magnetron sputtering. The sputtering of the titanium layer is a result of the fact that the developed coating is to be applied to the parts of the VAD, which are, as a rule, made of titanium. These VAD parts are in direct contact with blood. Before sputtering, all samples were ion blasted for 3 min to obtain high adhesion between the substrates and the titanium layer [40]. Magnetron sputtering was performed for 24 min at 1000 W and an argon pressure of 3 × 10−3 Tor. Subsequently, glass substrates with a titanium layer were plasma treated to increase the adhesion of the titanium layer with the nanocomposite coating [41]. Plasma treatment (100 cm3 of oxygen and 100 cm3 of argon) was performed for 1 min at 100 W at 280 °C. Thus, the substrates for nanocomposite coating were prepared.



The schematic representation of the collagen and c-MWCNT dispersion spraying unit is shown in Figure 1a. Dispersion was sprayed through a nozzle with an output diameter of 300 μm in the direction of the heating table. The nozzle was attached to the displacement module for dispersion spraying along the substrate. The automation of the multilayer coating spraying process with the specified characteristics of the nozzle movement (time, delay, and trajectory) was implemented using the Arduino hardware and software platform. Each coating sample was formed by applying 100 layers. A heating stage was used to evaporate the excess water at 70 ℃.



To crosslink the polymer chains, some of the coating samples were immersed in a solution of glutaric aldehyde (1%) for 30 min. Figure 1b shows the finished samples of collagen- and c-MWCNT-based coatings. In some cases, the use of glutaric aldehyde has disadvantages such as a tendency to calcification and thrombogenicity [42]. However, the usage of glutaric aldehyde is still clinically acceptable for coatings and membranes [43]. In this work, a study of the effect of glutaric aldehyde on the stability and thrombogenicity of collagen coatings was performed.




2.3. Microfluidic Device


The stability and anticoagulant properties of the nanocomposite coating in contact with the liquid flow were studied using a microfluidic device. The main element of the device was the microfluidic chip. The microfluidic chip required easy disassembly and reassembly to successfully study the interaction of the coating with the fluid flow, ensuring repeatability of the experiment. For this reason, the most versatile construction, shown in Figure 1, was chosen. The construction included four basic elements. Sealing of the microfluidic chip was achieved by screwing the outer elements (Figure 1c). The top element was made of polymethylmethacrylate. This element includes holes for tight connection of the fluid tubes and screws for fixing the structure. The lower element is made of polymer resin by 3D-printing. This element is necessary to fix the coated substrate with a special notch.



The inner element of the microfluidic chip with a channel was made of polydimethylsiloxane (PDMS) (SYLGARD 184, Dow Corning, Michigan, MI, USA). PDMS is known to be used for in vitro experiments, including experiments with biological fluids [44]. To form an element with a PDMS channel, a photopolymer mold was made for 3D printing casting (Wanhao E7+, Jinhua, China). The printed mold was further irradiated with ultraviolet (UV) light for the final polymerization. The printed mold contained an elevation to form a channel in the PDMS with height h = 250 μm, width ω = 1 mm, and length l = 25 mm. Then, the liquid PDMS was mixed with the crosslinking agent in a 1:10 ratio, thoroughly mixed, and poured into the printed mold. The filled mold was degassed in a vacuum chamber for 30 min and annealed in an oven at 70 °C for 4 h. After that, the PDMS had a stable dense-elastic state. The layer thickness of the PDMS was 4 mm, and the area coincided with the dimensions of the glass substrates.



Therefore, the microfluidic chip provided contact between the fluid flowing through the channel and the coating on the substrate. Figure 1d shows a photograph of the microfluidic chip assembly with the fluid flow inlet and outlet tubes connected. The fluid flow was controlled using an OB1 MK3+ pressure controller (ElveFlow, Paris, France). The MUX Recirculation 6/2 valve controller (ElveFlow, Paris, France) was used to organize the cyclic experiments.




2.4. Numerical Simulation Methodology


Numerical simulations were performed to determine the type and structure of the flow inside the channel. Fluid flows into and out of the microchannel through microtubes with a diameter of 760 μm (Figure 2a). A CAD model was built using FreeCAD® package (https://www.freecad.org (accessed on 31 March 2023)), and numerical calculation of the flow was performed using the finite volume method implemented in OpenFOAM® version 9 (The OpenFOAM Foundation Ltd., London, UK). A hexagonal stack with the number of cells 793,952 was used in the calculations. Test calculations showed that further entrainment of the number of cells does not lead to qualitative or quantitative changes of velocity fields inside the channel and shear stresses on its walls. The calculation was performed for a fluid flow rate of 21 mL/min. The viscosity and density of the flowing liquid are 1 cSt and 1000 Pa/s, respectively.




2.5. Investigation of the Resistance of Coatings to the Flow


The main purpose of the experiment was to evaluate the effect of high shear stress on the surface of the nanocomposite coating. In this case, the shear stress was achieved by establishing the flow velocity. Experiments were performed at a flow rate of 21 mL/min and a pressure of 200 kPa.



VAD operate at high rpm, which results in high shear rates, above 100 s−1 [45]. This allows us to consider blood as a Newtonian fluid in the VAD, with a constant viscosity [46]. Therefore, a phosphate buffer aqueous solution with viscosity 1 cSt and density 1000 Pa/s was used as a model fluid. For this experiment, the important parameter of the model liquid was the acidity pH, in terms of its interaction with the surface. Therefore, the pH of the phosphate buffered aqueous solution used corresponded to the blood pH of 7.4.



Since we were interested in the effect of shear stress on the surface under investigation, it was decided to use a Newtonian fluid as a model fluid and vary the shear stress by increasing the fluid flow rate. The shear stresses on the walls of the rectangular cross-section microchannel can be estimated using the following equation [47]:


  W S S =   6 μ Q   w  h 2     



(1)




where µ is the dynamic viscosity of the fluid (Pa·s), Q is the volumetric flow rate (m3/s), w is the channel width (m), and h is the channel height (m).



In accordance with Equation (1), the shear stresses on the flow side of the investigated coatings were 50 Pa. This value corresponds to the range of shear stress values in VAD, which can range from 0 to 150 Pa. It is known that at high values of shear stress (50 Pa), the process of platelet activation already occurs [48,49]. The experiments were carried out for 3.5 h. Every 30 min, the samples were removed from the microfluidic chip and examined on an S neox profilometer (SENSOFAR METROLOGY, Barcelona, Spain) with a CF60-2 20X objective (Nikon, Tokyo, Japan) to determine the resistance of the coating. In the experiments, each point was measured 5 times.




2.6. Investigation of the Thrombogenicity of Coatings


It is known that excessive appearance of blood albumin protein molecules adhered to the surface of vessels or implanted products is a precursor of thrombosis [50,51,52,53]. Therefore, the evaluation of BSA protein adhesion to the nanocomposite coating was used to determine the degree of thrombogenicity. BSA adhesion on the surface of the nanocomposite coating was determined using Raman spectroscopy and scanning electron microscopy.



The model aqueous solution contained blood protein BSA with a concentration of 40 g/L, which corresponds to the normal level of serum albumin in adult blood [54]. The solution viscosity was 0.88 mPa*s, which corresponded to the viscosity of adult blood [55]. The studied coatings were exposed to a flow of BSA solution in the microfluidic circuit for 30 min at a flow rate of 18 mL/min and a shear stress of 50 Pa.



Raman spectra, scanning electron microscopy (SEM) images, and energy-dispersive X-ray spectroscopy (EDX) for all coatings were measured in the original region before and after contact with the liquid flow. Five measurements were made for each area to obtain an average result.



Raman spectra were measured on a LabRAM HR Evolution instrument (Horiba, Essonne, France). An Ar laser with a wavelength of 514 nm and a power of ~0.125 mW was used as a source of excitation radiation. A diffraction grating of 1800 strokes/mm provided a spectral resolution of 0.5 cm−1. A precision motorized stage and a built-in BX41 microscope (Olympus, Shinjuku, Tokyo, Japan) were used to focus the laser beam on the studied area. The signal accumulation time was 15 s with averaging over 3 spectra to improve the signal-to-noise ratio.



A JEM-2100Plus (JEOL, Akishima, Tokyo, Japan) microscope was used to obtain SEM images at an electron column accelerating voltage of 5 kV and a current of 21 pA. EDX was performed using the Quantax XFlash 6 complex (Bruker, Massachusetts, MA, USA) with a modular system of backscattered electron diffraction in the vacuum chamber of the electron microscope.





3. Results and Discussion


3.1. Numerical Simulation


As a result of modeling, the velocity field in the cross-section at the half-height level of the microchannel h/2 (Figure 2b(1)) and wall shear stress on the lower wall of the microchannel (Figure 2b(2)) were calculated. It is found that the fluid flow entering perpendicular to the microchannel plane introduces significant fluctuations in velocity fields and shear stresses. In particular, the flow pattern inside the channel can be conditionally divided into two zones—an unstable flow zone and a laminar flow zone. The boundary between these zones corresponds approximately to the center of the microchannel. It follows from the results that to obtain the correct interaction results for given shear stresses on the flow side, the coverage analysis should be performed in the laminar flow zone.




3.2. Resistance of Coatings under the Influence of the Flow


The resistance of the collagen/c-MWCNT nanocomposite coatings (Figure 3a–c) and glutaraldehyde cross-linked collagen/c-MWCNT/glutaraldehyde (Figure 3d–f) was compared by exposure of the phosphate-buffered solution flow to the coating. The study of the resistance of the coatings was carried out using a non-destructive method—optical profilometry. Figure 3b,c,e,f show the surface analysis area of 1.77 × 3.65 mm. The analysis areas included a laminar flow contact zone and a coating area not exposed to the flow. The images and surface topography of the analysis area were measured after 3.5 h of flow exposure to the coating in the microfluidic device. A smaller elevation difference was obtained for the collagen/c-MWCNT/glutaraldehyde coating, indicating greater resistance of the glutaraldehyde cross-linked coating. The result indicates that glutaraldehyde stabilizes the coating.



The parameter δ was introduced to quantify the resistance/degradation rate over time:


  δ = 100 % ∗  (    z ¯   c h   −   z ¯  0   )  /  H ¯   



(2)




where     z ¯   c h    —average height of the profile around contact with the flow,     z ¯  0   —the average height of the profile in the rest of the analysis area, which is not affected by the flow, and    H ¯   —the average thickness of the coatings, which was 10 µm. Thus, this parameter δ characterizes the relative resistance or degree of degradation of the nanocomposite coating. Figure 4 shows the results of δ dependence on time for collagen/c-MWCNT (black symbols) and collagen/c-MWCNT/glutaraldehyde (blue symbols) nanocomposite coatings. The resistance of collagen/c-MWCNT/glutaraldehyde coating (δ = 2.75%) is almost two times higher than that of collagen/c-MWCNT (δ = 5.5%) after 3.5 h of flux exposure. However, for both types of coatings, a rather high resistance to high shear stress flow was obtained.




3.3. Thrombogenicity


During blood flow in VAD, blood proteins first adhere to the surface of the implanted part. These proteins can be divided into two groups. The first group includes proteins that adhere to the surface first, and the second group includes proteins that attach to proteins from the first group. This phenomenon is called the Vroman effect [56]. In the study of surfaces after contact with blood, the presence of the highest concentration of such proteins as albumin, fibrinogen, immunoglobulins, vitronectin and apolipoproteins was determined in most cases. It was found that platelet adhesion depends on the adsorption to the surface of the listed proteins [57,58]. In this case, receptors on the surface of platelets interact with certain amino acid sequences in the adsorbed proteins. The shape of the adherent platelets changes greatly from disc-shaped to pseudopodial. Then, there is a release of platelet contents: platelet factor 4, adenosine diphosphate, serotonin, and platelet aggregates formation. The subsequent activation of coagulation factors, proteins found in platelets and plasma, leads to the formation of thrombin. Thrombin, in turn, awakens the fibrin protein from the inactive state of the fibrinogen protein. As a result, the formed fibrin network holds platelets and other blood cells in place, ensuring the formation of the thrombus. The highest concentration of all blood proteins is in albumin, which has a transport function in the body. The concentration of albumin is 35–53 g/L [59]. Therefore, the degree of adhesion of albumin to the coating surface or membranes can be considered an initial test for thrombogenicity.



In the experiments to study the degree of adhesion of albumin to the surface of nanocomposite coatings, an aqueous solution with a BSA concentration of ~64 g/L was used to provide the necessary viscosity. In this model solution, albumin was the only dissolved substance that tended to adhere to the surface.



The thrombogenicity of the coatings was investigated by comparing Raman spectra and SEM with energy dispersive spectroscopy of the coating before and after contact with the flow of the BSA solution. At the same time, the degree of adhesion of BSA to nanocomposite coatings was compared with the adhesion of BSA to titanium, from which VAD are fabricated.



Raman spectra were recorded before (black line) and after (red line) contact of the BSA solution flow in the microfluidic chip with the surface (Figure 5). The spectra were measured at five different points in the analysis area and averaged. The Raman spectra of the titanium surface after contact with the BSA solution flow compared to the original titanium surface were characterized by an increase in fluorescence over a wide frequency range (Figure 5a). This indicates the contribution of BSA molecules adhered to the titanium surface to the fluorescence response. On average, the increase in fluorescence was 18–36%.



In the Raman spectra of the collagen/c-MWCNT nanocomposite coatings (Figure 5b) and collagen/c-MWCNT/glutaraldehyde (Figure 5c), characteristic modes for multi-walled carbon nanotubes (D- and G-modes) were observed. D-mode arises due to the process of double resonant Raman light scattering [60]. D-mode is observed in the presence of defects in the graphene/graphite structure; it has an intensity that is proportional to the degree of disorder in the MWNT structure [61]. The G-mode corresponds to planar optical phonon modes. This mode is characteristic of all carbon materials with sp2-hybridization. In the case of bond breaking in the graphene structure forming the tube, atoms with sp3-hybridized electrons appear outside the plane of the nanotube layers. In this case, the atoms fluctuate with the frequency of the D-mode rather than the G-mode, therefore its intensity decreases in structures with a high level of defectiveness. The ratio of G- and D-mode bands intensity (IG/ID) is used in MWCNT defect analysis [62]. IG/ID for collagen/c-MWCNT was 0.53, and for collagen/c-MWCNT/glutaraldehyde IG/ID = 0.57. At the same time, the ratio of IG/ID for the initial nanotube powder was 0.54. It can be concluded that no significant changes in the structure of the nanotubes were detected when the nanocomposite coating was made of them. Additionally, the defectiveness of the nanotubes in the coating was practically unchanged after interaction with the BSA flow. Thus, the magnitude of changes in the Raman spectrum of nanocomposite coatings after their contact with the flow of the BSA solution can be used as a characteristic of blood proteins’ adhesion to the coating.



Comparison of the Raman spectra of the collagen/c-MWCNT nanocomposite coatings and collagen/c-MWCNT/glutaraldehyde before and after contact with the BSA solution flow allowed the following conclusions: (i) the total fluorescence background increased, and (ii) the intensity of D- and G-mode peaks changed on the dependences for both coatings. Adhesion of BSA to the collagen/c-MWCNT coating up to 1000 cm−1 resulted in an increase in fluorescence to 13% and in the 1800–2500 cm−1 region to 18%. At the same time, the intensity of D- and G-mode peaks decreased by 11% and 13%, respectively. The decrease in the intensity of D- and G-mode peaks indicates the appearance of an albumin layer on the coating surface, which leads to the attenuation of the scattered signal from nanotubes. The amount of BSA on the collagen/c-MWCNT/glutaraldehyde nanocomposite coating was greater: up to 1000 cm−1 the increase in fluorescence reached 15%, and up to 24% in the 1800–2500 cm−1 region. The intensity of the D- and G-mode peaks from MWCNT in the coverage decreased by 14% and 20%, respectively. It was found that glutaric aldehyde in the composition of the nanocomposite coating provides slightly higher adhesion of BSA. At the same time, the highest level of adhesion was obtained for the titanium surface. From the comparison of the average fluorescence level, a preliminary conclusion can be made that BSA adhesion to collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde coatings is 1.7 and 1.4 times less than to the titanium surface, i.e., such coatings are the least thrombogenic compared to the classic titanium surface.



Figure 6 shows SEM images for the titanium surface, the collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde nanocomposite coatings before and after contact with the BSA solution.



The initial titanium surface is characterized by a uniform planar structure (Figure 6a). An irregular layer of blood protein is observed on the titanium surface after contact with the BSA solution (Figure 6b). Nanotube inclusions in the collagen matrix are observed on the surface of the collagen/s-MWCNT coating (Figure 6c). After contact with a flow of BSA solution, the surface of the coating was almost unchanged (Figure 6d). The nanotubes are still clearly visible on the surface. A slight change in the surface structure caused by the adhesion of a small amount of BSA is shown. The initial surface of the collagen/c-MWCNT/glutaraldehyde coating (Figure 6e) is similar to the collagen/c-MWCNT surface (Figure 6c). The cross-linking of the collagen chains with glutaraldehyde has almost no effect on the surface structure. However, after contact with BSA, the nanotubes are faintly visible in the SEM image (Figure 6f). This fact could be caused by the adhesion of the blood protein layer.



The BSA layer on the surface of the coatings and membranes can be quantified using the EDX method. This method identifies the chemical composition of set points for the same areas imaged by SEM. EDX was measured at several points for each sample and the average values were calculated. Table 1 shows the results of the changes in the chemical composition of the coatings before and after adsorption of blood protein to the surface.



Table 1 shows the change in the concentration of a number of chemical elements on the titanium surface and on the nanocomposite coatings. The amount of Ti after contact with BSA was practically halved and amounted to 12.44 wt.%. At the same time, elements such as C, Na, P, and S appeared, and the concentration of N and O increased by 5.3 and 1.5 times, respectively. The attenuation of the signal by titanium, the appearance of new elements, and an increase in the concentration of elements characteristic of BSA may indicate the appearance of a blood protein layer on the titanium surface.



The C signal is mainly provided by the contribution of nanotubes. The slight decrease in the carbon signal for both types of coatings is probably due to the appearance of albumin. The Ti and C signal was found to be almost halved in the case of collagen/c-MWCNT/glutaraldehyde coating compared to collagen/c-MWCNT. An increase in the concentration of the elements C, N, O, Na, P, and S was also obtained for both nanocomposite coatings. The signal from impurities included in the c-MWCNT composition was not detected by the EDX method. This is due to the high purity of the nanotubes and the low concentration of impurities in the composition of the coating volume (not more than 0.0002 wt.%).



It can be concluded that the highest BSA adhesion is obtained on the titanium surface. In second place is the collagen/c-MWCNT/glutaraldehyde coating with significantly lower albumin adhesion. Additionally, blood protein was least detected on the collagen/c-MWCNT coating.





4. Conclusions


During implantation, blood proteins adhere to titanium without nanocomposite coatings, which direct the subsequent activation of blood, which determines the next cascade of biological reactions and, consequently, the long-term success of using implantable devices. At the same time, the use of antithrombotic drugs increases the risk of bleeding and therefore this method is not complete. All this indicates the need to improve anticoagulant properties. This work proposes a method for the fabrication of coatings for ventricular assist devices or other implantable blood pumping devices. The coating has a nanocomposite structure of a collagen matrix with a distributed framework of carboxylated MWCNT. The coating or membranes were spread by spray deposition layer by layer. Glutaraldehyde as a crosslinking agent has the disadvantages of being prone to calcification and thrombogenicity, but its use is still clinically acceptable. In this work, it is shown that in the case of using crosslinking of the developed nanocomposite coating with glutaraldehyde, there is still a reduced thrombogenicity compared with titanium, which is a characteristic feature of such a coating. The results of comparing the resistance and thrombogenicity of collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde crosslinked chain coatings are presented. To test coatings, a microfluidic device was developed that provides fluidic contact with easily replaceable coating samples, allowing us to conduct research in dynamic conditions. The reversible microfluidic device is suitable for preliminary testing and selection of coatings for further studies. Using the microfluidic device and optical profilometry, both types of coatings were found to have sufficiently high resistance to high shear flow. However, the collagen/c-MWCNT/glutaraldehyde coating (δ = 2.75%) was almost twice as stable as the collagen/c-MWCNT coating (δ = 5.5%) after 3.5 h of exposure to the phosphate-buffered solution flow. A reversible microfluidic device allowed the study of the interaction of blood protein albumin solution, and the adhesion on the surface of the coating indicates the degree of thrombogenicity. Using Raman spectroscopy, it was found that the adhesion of BSA to collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde coatings is 1.7 and 1.4 times less than that to the titanium surface, which is widely used for ventricular assist devices. In addition, scanning electron microscopy and energy dispersive spectroscopy revealed that the greatest adhesion of blood protein was on the titanium surface compared to the nanocomposite coatings. At the same time, albumin was least detected on the collagen/s-MWCNT coating, which did not contain the collagen chain cross-linking agent—glutaric aldehyde.



Inspired by our results, we plan to investigate the compatibility of the manufactured composite coatings with blood, namely, to evaluate the degree of hemolysis upon contact of the coatings with blood in the developed microfluidic device. At this stage, the study already shows that nanocomposite coatings are potentially promising candidates for reducing the thrombogenicity of cardiovascular device surfaces and membranes.
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Figure 1. The scheme of aerosol layer-by-layer deposition (a); substrates with applied coatings based on collagen/c-MWCNT (1) and collagen/c-MWCNT/glutaraldehyde (2) (b); scheme (c) and photo (d) of the fabricated microfluidic chip. 
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Figure 2. CAD model of the computing area of microfluidic chip channel (a) and modeling of velocity field distribution (1) and wall shear stress (2) of flow in a microfluidic chip channel (b). 
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Figure 3. Resistance of collagen/c-MWCNT (a–c) and collagen/c-MWCNT/glutaraldehyde (d–f) coatings by optical microscopy (b,e) and profilometry (c,f) after contact with phosphate-buffered solution flow after 3.5 h. 






Figure 3. Resistance of collagen/c-MWCNT (a–c) and collagen/c-MWCNT/glutaraldehyde (d–f) coatings by optical microscopy (b,e) and profilometry (c,f) after contact with phosphate-buffered solution flow after 3.5 h.



[image: Membranes 13 00403 g003]







[image: Membranes 13 00403 g004 550] 





Figure 4. Dependence of the coatings collagen/c-MWCNT (black symbols) и collagen/c-MWCNT/glutaraldehyde (blue symbols) and degradation parameter δ on the time of contact with the flow in the microfluidic device. 
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Figure 5. Raman spectra of titanium surface (a), collagen/c-MWCNT nanocomposite coatings (b) and collagen/c-MWCNT/glutaraldehyde (c) before (black line) and after (red line) contact with BSA solution flow. 






Figure 5. Raman spectra of titanium surface (a), collagen/c-MWCNT nanocomposite coatings (b) and collagen/c-MWCNT/glutaraldehyde (c) before (black line) and after (red line) contact with BSA solution flow.



[image: Membranes 13 00403 g005]







[image: Membranes 13 00403 g006 550] 





Figure 6. SEM images of titanium surface (a,b), nanocomposite coatings collagen/c-MWCNT (c,d) and collagen/c-MWCNT/glutaraldehyde (e,f) before (a,c,e) and after (b,d,f) contact with BSA solution flow. 
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Table 1. Chemical composition of titanium surface samples and collagen/c-MWCNT and collagen/c-MWCNT/glutaraldehyde nanocomposite coatings before and after contact with BSA solution flow.
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Chemical Elements

	
Titanium Surface

(wt.%)

	
Coating

Collagen/c-MWCNT

(wt.%)

	
Coating

Collagen/c-MWCNT/Glutaraldehyde (wt.%)




	
Before

	
After

	
Difference

	
Before

	
After

	
Difference

	
Before

	
After

	
Difference






	
Ti

	
23.96

	
12.44

	
−11.52

	
12.02

	
10.76

	
−1.26

	
11.74

	
9.35

	
−2.39




	
C

	
-

	
3.02

	
3.02

	
18.36

	
16.18

	
−2.18

	
16.53

	
13.18

	
−3.35




	
N

	
2.62

	
13.95

	
11.33

	
1.23

	
4.68

	
3.45

	
1.78

	
8.65

	
6.87




	
O

	
8.09

	
12.37

	
4.28

	
9.47

	
11.98

	
2.51

	
15.69

	
18.92

	
3.23




	
Na

	
-

	
0.41

	
0.41

	
0.11

	
0.26

	
0.15

	
0.09

	
0.37

	
0.28




	
P

	
-

	
0.07

	
0.07

	
-

	
0.05

	
0.05

	
-

	
1.12

	
1.12




	
S

	
-

	
1.16

	
1.16

	
0.16

	
1.17

	
1.17

	
0.12

	
1.39

	
1.27
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